INTRODUCTION
Martian gullies are suggested to have formed by a combination of processes, including mass wasting, overland fl ow, and debris fl ows (Malin and Edgett, 2000 several morphologic features such as braided channels, multiple terraces, point bars, and cutbanks that indicate that fl uvial processes were involved in their formation (Gulick and the HiRISE team, 2008; McEwen et al., 2007a) . Although alternative mechanisms such as dry mass movements (Treiman, 2003) or CO 2 -driven processes (Musselwhite et al., 2001 ) have been proposed, none of these processes is able to form all of the observed morphologic attributes of Martian gullies, and the latter is unlikely due to stability relations of CO 2 on Mars (Stewart and Nimmo, 2002) . The origin of gullies was fi rst associated with groundwater seepage (Malin and Edgett, 2000) . However, this source is not consistent with the occurrence of a large number of gullies on slopes of central peaks (Baker, 2001) , mesas (Balme et al., 2006) , 
DATA AND METHODS
Our analysis of gullies on Svalbard is based on high-resolution imagery acquired during a fl ight campaign in the summer of 2008 using the airborne High Resolution Stereo Camera (HRSC-AX) (Neukum et al., 2001) . The HRSC-AX is a digital pushbroom (linear array charge-coupled device [CCD]) scanner with nine channels for nadir panchromatic, stereo panchromatic, and color imaging, like its planetary counterpart HRSC on Mars Express (Jaumann et al., 2007) . The imaged region in the Adventdalen area covers ~450 km 2 and is shown in Figures 1B and 2 . The processed panchromatic nadir ortho-images have a spatial resolution of 20 cm/pixel. Digital elevation models (DEMs) derived from the stereo images have a grid spacing of 50 cm/pixel. The gully image analysis was complemented by two fi eld expeditions during the summers of 2008 and 2009. Gully features on Svalbard were compared as analogs to their possible Martian counterparts. We used satellite imagery of Mars obtained by the High Resolution Imaging Science Experiment (HiRISE) (McEwen et al., 2007b) , which has a similar spatial resolution (~25-50 cm/pixel) compared to the terrestrial HRSC-AX. More than 50 HiRISE images released as of 1 July 2008 were investigated (Table 1) . Because in most images, several single gullies occur, several hundred gullies were investigated. Only imagery from the midlatitude southern hemisphere of and crater rim crests (Dickson et al., 2007) , where groundwater availability is unlikely. Costard et al. (2002) suggested accumulation and melting of near-surface ice within the regolith during high-obliquity phases on Mars. A similar model of snow deposition during periods of high obliquity but melting during phases of lower obliquity was proposed by Christensen (2003) .
The formation of gullies on Earth depends on several parameters, including rainfall and/or melting of snow, the presence of steep slopes, and suffi cient amounts of fi ne-grained material and debris (e.g., Costa, 1984) . The latter two have also been proposed as limiting factors affecting the occurrence of gullies on Mars (Reiss et al., 2009 ). However, it remains unclear whether fl uvial processes or debris fl ows are dominating the formation of gullies on Mars. Debris fl ows are non-Newtonian, viscous slurries that have mixed water and fi nes as the interstitial fl uid (Selby, 1993) . The fl owing mixtures of fi nes, clastic debris, and water have a relatively low water content (30% water by weight) and show a visco-plastic fl ow behavior (Costa, 1984) . Streamfl ows and hyperconcentrated fl ows have a high water content and relatively low sediment supply (30% water by weight), and they show a Newtonian fl ow behavior (Costa, 1984; Pierson and Costa, 1987) . The morphologies of debris-fl ow fans show typical features such as levées, lobes, snouts, and debris plugs (Hooke, 1987; Whipple and Dunne, 1992) , the combination of which is not observed on fans formed from purely fl uvial processes. Fluvial deposits consist of stratifi ed sheets and bars, and they are well sorted in comparison to debris-fl ow deposits (Costa, 1984; Blair, 1999) .
In this study, we compare the morphology of terrestrial gully analogs from Svalbard with Martian gullies in order to constrain the dominant formation process on Mars, i.e., fl uvial and/or debris fl ow. The morphological characteristics investigated in this work Mars (30°S-60°S) was used for this study (Fig. 3) because of the high frequency of gullies in this latitude belt (Balme et al., 2006; Dickson et al., 2007) . The analyzed HIRISE imagery is randomly distributed in this latitude belt.
DEFINITIONS
The term "gully" is often used for a variety of terrestrial landforms that show a large diversity in morphology and size and that can result from different processes. This variability might lead to confusion, and a clear defi nition the term "gully" is needed. We defi ne a gully as degrading-aggrading system on a slope consisting of a source area (the alcove), an erosional/transport area (channel), and a depositional area (gully fan). This description is consistent with a drainage basin and associated alluvial fan consisting of a catchment area, an entrenched feeding channel, and an alluvial fan. We defi ne debris-fl ow channels as channels accompanied by lateral ridges (levées) with one or more typical morphological features such as debris lobes, debris snouts, or debris plugs (Hooke, 1987; Whipple and Dunne, 1992) .
SVALBARD
The archipelago of Svalbard is located in the Arctic Ocean between 76°N and 81°N and 10°E and 35°E (Fig. 1A) . The study area is located near the capital of Longyearbyen, mainly on the northern side of Adventfjorden, for which we have data from a fl ight campaign (Figs. 1B and 2) and ground truth. Because of the cold and dry periglacial environment, Svalbard is a potentially good analog for several Martian landforms as described in detail by Hauber et al. (this volume) . The present climate of Svalbard is an arctic desert and lies in the continuous zone of permafrost. At Longyearbyen airport, the coldest (February) and warmest (July) months have mean temperatures of −15.2 °C and 6.2 °C, respectively (Hanssen-Bauer and Førland, 1998) . The mean annual air temperature is ~6 °C, but it can be as low as −15.2 °C in mountain areas. The precipitation in central Spitsbergen is low and reaches only ~180 mm. At the coasts of Svalbard, precipitation is in the range of 400-600 mm. Around 75% of the precipitation events are reported as snow at the airport (Førland and Hanssen-Bauer, 2003) . The local snow distribution varies strongly due to redistribution by prevailing winds (Winther et al., 2003) . The ground is perennially frozen to depths between <100 m near the shores and up to more than 500 m in the highlands (Humlum et al., 2003) . From about the end of May until October, an active layer forms with maximum thawing depths of ~1 m in July-August in the study region. This value is based on several diggings by Åker-man (1984) and by the authors during our fi eld campaigns.
The study area belongs stratigraphically to the Helvetiafjellet Formation, which consists of Mesozoic layered sandstones, siltstones, and shales (Parker, 1967) . The bedrock is highly fractured up to the mountain tops due to frost weathering (Figs. 4A and 4B). Rockfall-derived talus covers the mountain slopes with thicknesses of up to a few meters in the lower parts. The debris consists of platy (1-2 cm thick) rocks with sizes of ~20 × 30 cm.
Mass-wasting processes including debris fl ows, avalanches, and rockfalls are common in the mountainous areas around Longyearbyen (e.g., Rapp, 1957; Jahn, 1960 Jahn, , 1967 . Gullies and debris-fl ow channels also occur frequently on the mountain slopes (Tolgensbakk et al., 2000) . Most debris fl ows follow preexisting gullies, and their typical morphologic characteristics can be observed in the lower parts of the gullies on top of the fans (Fig. 4C) . The contributing hillslopes are very steep (~35°) as measured in situ and in HRSC-AX DEMs, which causes an abundant supply of coarse sediment to the contributing stream. From the gully head to the fan apex, only erosional features can be observed; depositional features of the debris fl ows in form of levée ridges are found on top of the gully fan starting from the fan apex (Larsson, 1982) .
Alluvial fans on Earth are formed by a combination of processes, including fl uvial erosion and debris fl ows (e.g., Whipple and Dunne, 1992) . In our study region, both processes also contribute to the alluvial fan formation by snowmelt in the springtime (e.g., Larsson, 1982) and debris-fl ow processes, which are triggered by heavy rainstorms in summer (Bibus, 1975; Thiedig and Kresling, 1973; Larsson, 1982; Jahn, 1985; Rapp, 1985) . Rapid snowmelt causing water saturation of till has triggered large debris fl ows only in a few known cases (Rapp, 1986) . The highest snowmelt rates can be observed in the springtime, when temperatures rise above 0 °C. Snow patches survive until late summer in sheltered depressions like gully head alcoves, because of the large amounts of snow deposited by wind. Even in late summer, these snow patches feed small streams within gullies. High rainfall intensities cause debris fl ows due to slope failures. For example, during a 12 h period between 10 and 11 July 1972, 30.8 mm precipitation was recorded by the Longyearbyen meteorological station (Larsson, 1982) . This extreme event caused several debris fl ows in the Longyearbyen area, as described by many authors (Thiedig and Lehmann, 1973; Thiedig and Kresling, 1973; Jahn, 1976; Larsson, 1982) . The debris fl ows were triggered due to the saturation of unconsolidated near-surface 180°E  210°E  240°E  270°E  300°E  330°E  0°30°E  60°E  90°E  120°E  150°E  180°E   60°S sediments above the permafrost table, i.e., the active layer. The combination of rainfall intensity with the impermeable permafrost plane is of great importance due to the rapid water saturation of the ground. Very low rainfall intensities of only 2.5 mm/h can cause debris fl ows at much lower thresholds (Larsson, 1982) compared to other climatic regions (Caine, 1980) . However, these catastrophic events occur rarely due to the infrequent occurrence of heavy rainfalls on Svalbard. Thiedig and Lehmann (1973) compared historic photos with newer air imagery in Spitsbergen (Tempelfjorden) and found no new debris-fl ow tracks in a time span of 90 yr. This result is in agreement with lichennometric dating of debris fl ows on Spitsbergen, which indicate minimum recurrence intervals of 80-500 yr (André, 1995) . 
Morphologic Observations
Examples of gullies found on Svalbard and on Mars are shown in Figure 5 . The overall morphology and dimensions appear to be very similar. All of them show typical characteristics of gullies, consisting of an alcove, one or more main channels, and a fan deposit. However, closer inspection of channels dissecting the fans and their deposits reveals large differences between terrestrial and Martian gullies. Figure 6 shows three enlargements of the fan surface from the gullies in Figure 5 . Nearly all gully fans on Svalbard are heavily affected by debris fl ows. This sediment source is also indicated by the poor stratifi cation of the gully fan deposits observed at outcrops at the fan base (exposed by cutbank erosion by the valley rivers). Furthermore, the unsorted deposits on the fans are supported by a fi ne-grained matrix indicating a debris-fl ow origin. They show typical morphological characteristics of debris fl ows, such as levéed channels and debris lobes on the gully fan (Fig. 7A) . A representative example of these debris-fl ow-dominated gullies is shown in Figures 5A and 6A . There exist only a few examples of gullies in our study region on Svalbard where the fan deposits are less affected by debris-fl ow processes. One example is shown in Figures 5B, 6B , and 7B. These fan deposits are dissected by larger, more pristine channels, which are predominantly not levéed (Fig. 7B) , and there is an overall lack of debris-fl ow tongues. If deposition from the gully channels onto the fan surface occurs, small fan-like deposits are formed (Fig. 7B) . However, even in this gully fan example, lateral deposits along some channels occur, indicating that debris-fl ow processes also contributed to erosion and deposition.
On Mars, channels incised into the gully fan surface are generally rare (Figs. 5C and 6C ) compared to the heavily dissected gully fans on Svalbard (Figs. 3A-3B and 4A-4B) . In most cases, only one pristine main channel occurs, and it is partly overprinted by subsequent deposition (Figs. 6C and 7C) . The channels do not have levées and typically terminate in small fan-like deposits on the main gully fan (Fig. 7C) . Most Martian gully fans appear to be composed of small fans overlapping earlier ones. Figure 8A shows a depositional area of a Martian gully. Multiple fl ow events are evidenced by two older fans that are dissected by younger channels forming new small depositional fans. Ongoing fl ow processes probably lead to the formation of the more complex and large fans of Martian gullies (Fig. 8B) . Smaller fan-like structures built up by single or even multiple fl ow processes are still visible on the larger gully fans near the termini of two pristine channels (Fig. 8B) .
Although several hundred gullies in more than 50 regions in the midlatitude southern hemisphere on Mars were investigated, only a few gullies in two regions showed clear morphological evidence for debris-fl ow processes. One was described recently by Lanza et al. (2010) . It shows several large lobate deposits and levéed channels (~10-80 m width) on the base of the gully fan (HiRISE image PSP_003939_1420 at 37. 7°S, 192.9°E) . The other one is shown in Figure 9 . These gullies are located on the east-facing slopes of Hale crater. The channels have widths between ~1.5 m and ~10 m, have well-defi ned levees, and terminate in most cases in debris tongues or more rarely in levéed snouts (Fig. 9B) . It is diffi cult to determine where the debris fl ows started because of the complex morphology of overlapping features. Debris-fl ow features can be observed emerging from the main gully channel (Fig. 9C) , comparable to features on Svalbard that follow preexisting channels. The gully fans in general are composed of multiple overlapping debris fl ows. The morphology and size of the debris-fl ow features in Figure 9 are very similar to the observed debris-fl ow deposits in Protonilus Mensae found by Levy et al. (2010) in the northern hemisphere on Mars.
DISCUSSION
Morphological observations of the gullies on Svalbard as well as previous work by several authors (e.g., Larsson, 1982) show that fl uvial processes after snowmelt contribute to gully erosion and fan formation. Debris material in the gullies is eroded every year by snowmelt and runoff. Even at the end of the summer, snow patches are still visible within the alcoves and channels, and permanent stream wash can be observed at the larger gullies. The amount of snow deposited in these sheltered depressions is much higher than on slopes surrounding the gullies due to snow drifts by wind. However, due to the small amounts of sediment supply, erosion by snowmelt is a very slow and long-term process, and changes over time are diffi cult to determine. Debris-fl ow processes play a signifi cant role in the formation of gullies on Svalbard, although their recurrence interval is relatively low (~>100 yr; Thiedig and Lehmann, 1973; André, 1995) . Most debris fl ows start above the gully fan apex, where mass-wasting material from the slopes is accumulated, and then follow the preexisting fl uvial channels. They are able to transport much larger amounts of debris in shorter times, and they created most of the gully fans in the study region. It is diffi cult to estimate the extent to which each process contributes to the total gully erosion.
Morphological details of the gully fans on Svalbard obtained by high-resolution imagery and fi eld work revealed that most are dominated by debris fl ows. Although some gully fans are predominantly formed by fl uvial processes, debrisfl ow features are not completely absent on these fans. Levéed channels and smaller debris lobes can be observed, indicating that debris fl ows contributed to the gully formation.
Most gully fans on Mars lack clear morphologic characteristics of debris fl ows and show surface textures indicating that they are formed predominantly by fl uvial processes (streamfl ows and/or hyperconcentrated fl ows) with a relatively high water content. Neither levéed channels nor lobate deposits have been observed in the majority of cases. The Martian gully fan morphology is consistent with the deposition of small overlapping fans by multiple fl uvial fl ow events. One reason might be the observed limited runout distance at the base of the slope for Martian gullies (Malin and Edgett, 2000) . If only limited amounts of liquid water are available, only an ephemeral fl ow would be able to deposit the eroded material relatively quickly and build up a large fan of overlapping small fans. This concept is in agreement with the observed gully fan textures on Mars and would also explain the low number of drainage channels observed on the gully fans. Gullies on Svalbard, however, all have prolonged drainage from snowmelt during spring to late summer. Furthermore, fl uvial-dominated gully fans on Svalbard are highly dissected by streams and deliver most of the eroded material directly into larger valley rivers. Rapid deposition and the formation of small fans occur rarely, which would explain the different fan textures of fl uvial-dominated gullies on Svalbard compared to the Martian ones.
However, the morphological observations only imply that most of the gullies on Mars are predominantly formed by fl uvial processes, which still allows for the contribution of debris-fl ow processes. Morphometric analyses of Martian gullies imply a debris-fl ow-dominated formation (Conway et al., 2011; Lanza et al., 2010; Mangold et al., 2010) , which is in contradiction to our morphological observations. One problem might be the diffi cult identifi cation of small levéed channels and lobate deposits due to overlying dust deposits, which lower the contrast in satellite imagery. Possible debrisfl ow features could also be covered by subsequent fl uvial fl ow events. Many gullies show evidence that they were formed in spe 483-01 page 173 multiple discrete events (Dickson and Head, 2009 ). Our morphologic observations are based on the last fl ow event, which does not exclude former fl ows with different sediment contents. One good example of the superposition of debris-fl ow features by subsequent fl uvial-dominated processes might be the observed old debris-fl ow tongues by Lanza et al. (Fig. 3 in Lanza et al., 2010) . Another reason could be the degradation of debris-fl ow features with time. However, larger debris-fl ow features should still be visible at HiRISE imagery resolution, because they are clearly visible in 20 cm/pixel HRSC-AX imagery. As on Earth, it is likely that Martian gullies are formed by fl ows with varying sediment contents, but our morphologic observations indicate that their formation was predominantly caused by fl uvial processes.
The release of water from melting snow is generally too slow to trigger larger debris fl ows on Svalbard. Catastrophic events like intense rainfall, which triggers debris fl ows on Svalbard, are not likely on Mars in the recent past. Gully formation by groundwater seepage is also unlikely because seepage is generally a slow process that may facilitate weathering but does not usually accomplish much erosion of the resulting debris. Following the model of Malin and Edgett (2000) , an outburst from an ephemeral reservoir of liquid water behind an ice barrier in the subsurface would release a large amount of water catastrophically and transport the material as a slurry fl ow of debris, water, and ice downslope (Malin and Edgett, 2000) . This process should be able to create the typical morphologic attributes of debris fl ows on Mars, which are rarely observed in high-resolution imagery. Therefore, this proposed gully formation mechanism seems to be unlikely.
Based on our morphologic observations, the gullies on Mars are predominantly formed by fl uvial processes, which require more water to erode the gullies than debris-fl ow processes. Therefore, a cyclic water recharge mechanism is needed to trigger such recurrent fl ow events. This can be best explained by seasonal or episodic snow deposition and melting of snow/ ice during phases of higher obliquity. An additional effect concentrating the probably small amounts of snow/ice on Mars, observed by the researchers on Svalbard as well as in Antarctica (Head et al., 2008; Dickson and Head, 2009) , is the accumulation of windblown snow and preservation in the sheltered areas of the gully alcove and channels. Gully distribution on Mars is mainly limited to the midlatitudes between 30° and 60° in both hemispheres, and gullies occur preferentially on polefacing slopes at least in the 30°-45° latitude belts (Balme et al., 2006; Kneissl et al., 2010) . Their distribution is consistent with the deposition and subsequent melting of snow and ice during periods of high obliquity in the midlatitudes (Head et al., 2003) . This origin is also supported by modeling studies, which have shown that melting of deposited snow and ice mainly occurs on pole-facing slopes during higher obliquity (Costard et al., 2002) . In addition, age determinations of gullies suggest that they were active in the last million years during cycles of higher obliquity (Reiss et al., 2004; Schon et al., 2009) . General circulation model (GCM) results indicate centimeters of seasonal midlatitude snow during periods of high obliquity (Mischna et al., 2003) . Recent models have predicted that snowmelt runoff equivalent to rainfall rates of 0.25 mm/h might have been possible during periods of higher obliquity in the midlatitude southern hemisphere (30°S-60°S) (Williams et al., 2009) .
Morphologic evidence for a clear contribution of debris fl ows in the formation of gullies on Mars is rare and found only locally. In addition to the observed debris fl ows in Figure 7 , evidence for debris fl ows in gully formation on Mars has been found in two other regions, by Lanza et al. (2010) in the southern hemisphere and by Levy et al. (2010) in the northern hemisphere. Other known examples for the involvement of debris fl ows in gully formation are features on large Martian dunes (Mangold et al., 2003; Reiss and Jaumann, 2003; Miyamoto et al., 2004; Reiss et al., 2010) . The reasons that debris-fl ow processes occur so rarely and only locally are unclear. The example observed in Hale crater (Fig. 9) is located on the western crater slope. Gullies can be found on all crater slope directions in Hale (Reiss et al., 2009 ), but these do not show morphologic characteristics of debris-fl ow processes. In addition, Hale crater is one of the geologically recent large craters on Mars (McEwen et al., 2007a; Tornabene et al., 2008) , and it has preserved steep slopes (Reiss et al., 2009) , in contrast to older craters. The unusually steep slopes might help to cause an abundant supply of sediment and to trigger higher-energy fl ows. Steep slopes in combination with the slope orientation also might have favored higher deposition as well as melting volumes of atmospherically derived water ice during high obliquity. This would be similar to a suggested scenario for the debris-fl ow origin in Protonilus Mensae given by Levy et al. (2010) . Another similarity between the Hale crater and Protonilus Mensae debris fl ows is the lack of blocky material based on the smooth surface texture in HiRISE imagery ( Fig. 9B and Levy et al. [2010] , respectively). These fi ne-grained materials that can be mobilized more easily might also play an important role on Mars. spe 483-01 page 174
CONCLUSIONS
2. The investigation of several hundred gullies on Mars in high-resolution imagery and their comparison with terrestrial analogs suggest that fl uvial erosion is the main process in their formation. This interpretation puts constraints on the amount of water needed for the gully formation process. If predominantly fl uvial processes caused the formation of gullies on Mars, then larger amounts of water are required for their formation, due to the relatively low sediment supply in stream and/or hyperconcentrated fl ows. Repeated seasonal or episodic snow deposition and melting during periods of higher obliquity in the recent past on Mars might best explain the formation of gullies. 3. Morphological observations of defi nite debris-fl ow-dominated characteristics at gully sites on Mars are rare. Their formation might be due to specifi c microclimates caused by unusually steep slopes in combination with their occurrence on specifi c slope orientations, which favored higher deposition and melting volumes of water ice at these sites.
